S U M M A R Y S E T T I N G :
Terizidone/cycloserine (TRD/CS) is included in standard treatment regimens for multidrug-resistant tuberculosis (MDR-TB) in many countries. The steady state pharmacokinetics (PKs) of CS after TRD administration are not known.
O B J E C T I V E S A N D D E S I G N :
We recruited in-patients treated with 250-750 mg oral TRD daily as part of standard treatment regimens for pulmonary MDR-TB in Cape Town, South Africa. Plasma CS assays were performed in samples taken pre-dose and at 2, 4, 6, 8 and 10 h post-dose. CS concentrations were measured using a validated liquid chromatography-tandem mass spectrometry method. Non-compartmental PK analyses were performed. R E S U LT S : Of 35 participants enrolled, 22 were males, and 20 (57%) were infected with the human immunodeficiency virus; the median age was 37 years. The median duration on TRD at the time of sampling was 33 days (interquartile range [IQR] 28-39). The area under the concentration-time curve at 0-10 h (AUC 0-10 ) was 319 lg.h/ml (IQR 267.5-378.7), and peak concentration was 38.1 lg/ml (IQR 32.6-47.2). On multiple regression, dose (mg/kg) was the only factor independently associated with AUC 0-10 . C O N C L U S I O N : Steady state concentrations of CS in patients treated with TRD for MDR-TB were higher than those reported with CS formulations. Our findings support once-daily dosing. K E Y W O R D S : dose frequency, dose duration, HIV TERIZIDONE (TRD) IS A PRO-DRUG of cycloserine (CS) and consists of two linked CS molecules. 1 CS is categorised as a group C anti-tuberculosis drug by the World Health Organization (WHO), and is widely used for the treatment of drug-resistant tuberculosis (TB). 2 TRD has been used as a source of CS in some countries, including South Africa.
A meta-analysis of retrospective data reported that TRD may be better tolerated than CS; however, the difference was not statistically significant. 1 A literature search revealed one single-dose study published in 1974 by Zitkova and Tousek of 25 patients with TB comparing CS and TRD pharmacokinetics (PKs) in patients given both drugs at different doses. 3 However, the method they used to measure drug concentrations (calorimetry) is non-specific, and is no longer used to measure drug concentrations. Furthermore, single-dose studies give limited data on drug exposure. An enhanced understanding of the PKs and pharmacodynamics (PDs) of CS administered as TRD is important for dose optimisation. TRD hydrolyses pre-systemically to CS. 4 We conducted a prospective PK study of CS at steady state in patients treated with TRD for pulmonary multidrug-resistant TB (MDR-TB) at two TB hospitals in Cape Town, South Africa.
STUDY POPULATION AND METHODS

Study design
We recruited patients aged 718 years initiated on treatment for pulmonary MDR-TB within the previous month. Patients were enrolled between July 2015 and January 2016 at two TB hospitals in the Western Cape Province of South Africa: the Brooklyn Chest Hospital and D P Marais Hospital.
During the study period, the standard regimen used to treat MDR-TB in Cape Town consisted of daily pyrazinamide, moxifloxacin (MFX), kanamycin, TRD, and either ethionamide (ETH) or isoniazid (INH), depending on the results of the line-probe assay for katG and inhA Mycobacterium tuberculosis mutations identified in the pre-treatment sputum cultures, which would indicate high-level INH or ETH resistance, respectively. 5 Ethambutol (EMB) was added if a patient had not been treated with EMB for 71 month before starting MDR-TB treatment, and if suspicion of EMB resistance was low. 6 After at least 2 weeks of treatment, patients received a dose of 250, 500 or 750 mg of TRD in accordance with national guidelines during the study period. 6 However, dosing was modified for body weight and creatinine clearance at the discretion of the treating physician. Dosing was directly observed and performed under fasting conditions. Blood samples for CS assays were collected pre-dose and at 2, 4, 6, 8 and 10 h post-dose. The blood samples were centrifuged, and the plasma was frozen within 30 min of sampling and stored at À808C.
CS assays were performed in the Division of Clinical Pharmacology of the University of Cape Town, Cape Town, South Africa. The method was validated for the quantification of CS in plasma, and consisted of precipitation, extraction and derivatisation of protein, followed by high-performance liquid chromatography with tandem mass spectrometry detection. An AB Sciex API 3000 mass spectrometer (GenTech Scientific, Arcade, NY, USA) at unit resolution in multiple-reaction monitoring mode was used to monitor the transition of the protonated precursor ion m/z 335.9 to the product ion m/z 157.2. Electrospray ionisation was used for ion production. The assay was validated over the concentration range 0.313-40.0 lg/ml. The accuracy of the combined low (0.783 lg/ml), medium (16.0 lg/ml) and high (32.0 lg/ml) quality controls was between 98.6% and 102.0%, and the coefficient of variation was ,11.5%.
Statistical analyses
Stata v13.1 (StataCorp, College Station, TX, USA) was used for non-compartmental PK analyses and to perform the statistical analyses. Peak concentrations, area under the concentration-time curve at 0-10 h (AUC 0-10 ) and half-life for each patient were assessed. As AUC 0-10 displayed a skewed distribution, it was log-transformed before using linear regression to identify the factors associated with plasma CS exposure. The following variables were identified a priori and analysed using single and multiple regression analyses: sex, age at study enrolment, human immunodeficiency virus (HIV) status, body mass index, duration on TRD, creatinine clearance, and dose in mg/kg.
Ethics
The study protocol was approved by the Human Research Ethics Committee of the University of Cape Town (HREC 065/2015). Written informed consent was provided by all participants in their language of choice.
RESULTS
Thirty-five participants were enrolled ( Table 1) . The median time from treatment commencement until blood draw for CS assays was 33 days (range 18-56). On the day of blood sampling, 28 participants received 750 mg TRD, 6 participants received 500 mg TRD and one participant, who had significantly reduced creatinine clearance, received 250 mg TRD (see CS concentration-time curves in the Figure) . Table 2 gives the steady state PK measures of CS. The Table 3 . On single and multiple regression analyses, the only factor independently associated with AUC 0-10 was dose (mg/kg). There was a nonsignificant trend towards a higher AUC 0-10 in patients who were HIV-infected.
DISCUSSION
To our knowledge, this is the largest report of the PKs of CS at steady state, irrespective of whether it was administered as TRD or CS. Considering its association with neurotoxicity, and that efficacy is likely to be related to the serum concentrations achieved, characterising the PKs of CS is important for dose optimisation. 1 Due to the paucity of PK data on TRD, the dose equivalent of CS is not known. We found the maximum serum concentration (C max ) and AUC 0-10 to be higher than that reported previously for CS dosed at 250-500 mg daily. 7 CS PKs have been reported in small, single-dose studies in healthy volunteers, 7, 8 or in patients after a limited duration of treatment. 7, 9 We performed intensive PK sampling after a longer treatment duration in patients given the pro-drug TRD, and accumulation could have accounted for the higher C max and AUC 0-10 we observed. An alternative explanation for the high exposures of CS we found is a drug-drug interaction.
A recent report of CS PKs in two groups of healthy volunteers given different MDR-TB treatment regimens reported a significantly higher CS AUC in participants in whom MFX was co-administered than in those who were treated with levofloxacin, even after accounting for weight differences between the two groups, suggesting the possibility of a drug-drug interaction between CS and MFX. 7 Those findings need to be confirmed, but it is possible that MFX interferes with CS elimination. Unanticipated drugdrug interactions should also be contemplated for other second-line anti-tuberculosis drugs about which there is incomplete knowledge of disposition pathways.
The long half-life we observed suggests that oncedaily dosing should be recommended for TRD. However, the PK-PD relationship associated with CS efficacy and toxicity is as yet not known. Definitive recommendations on optimal TRD dosing therefore await further studies.
Dose (mg/kg) was the strongest determinant of AUC. This observation is in keeping with the findings of a recent PK report on CS in a smaller cohort without HIV infection in Taiwan. 9 We found a nonsignificant trend towards a higher AUC in patients infected with HIV after adjusting for dose/weight differences between patients who were non-HIVinfected. However, our sample size was not sufficiently powered to analyse the effect of HIV on CS PKs.
Our study was limited in that PK sampling was performed only for 10 h post-dose. As some participants had an increasing CS concentration at 10 h post-dose, it was not possible to extrapolate the AUC to infinity or accurately calculate the half-life of CS for all participants. A study with a longer sampling interval is needed to adequately characterise the PKs of CS administered as TRD. Second, although to our knowledge this is the largest report of CS PKs at steady state, a study with a larger cohort would be better powered to analyse factors associated with AUC and C max . Finally, our study was not designed to assess whether drug-drug interactions affected the PKs of CS. This is the largest study to describe the steady state PKs of CS and the first to describe the steady state PKs of CS dosed as TRD in patients treated for TB. The steady state concentrations of CS in patients treated with TRD for MDR-TB were higher than those reported with CS formulations. Our findings suggest the accumulation of CS and support the notion of once-daily dosing.
R É S U M É C O N T E X T E :
La térizidone/cyclosérine (TRD/CS) est incluse dans les protocoles standard de traitement de la tuberculose multirésistante (TB-MDR) dans de nombreux pays. Mais la pharmacocinétique de la CS après l'administration de TRD est inconnue. O B J E C T I V E S E T S C H E M A : Nous avons recruté des patients hospitalisés traités par 250-750 mg de TRD orale quotidienne dans le cadre du protocole standard de traitement de la TB-MDR pulmonaire au Cap, en Afrique du Sud. Les dosages plasmatiques de CS ontété réalisés sur deséchantillons prélevés avant l'administration età 2, 4, 6, 8 et 10 h après l'administration. Les concentrations de CS ontété mesurées avec un test validé de chromatographie liquide coupléeà la spectrométrie de masse en tandem. Une analyse non-compartimentale de la pharmacocinétique aété réalisée. Se incluyeron en el estudio pacientes hospitalizados que recibían de 250 mg a 750 mg de TRD diaria por vía oral como parte del régimen de tratamiento de la TB-MDR en la Ciudad del Cabo en Surá frica. Se determinó la concentración sérica de CS en muestras obtenidas antes de la dosis de TRD y 2, 4, 6, 8 y 10 h después de la misma. Las concentraciones de CS se midieron en un ensayo validado que comportaba una cromatografía de líquidos acoplada a la espectrometría de masas. Se realizó un aná lisis farmacocinético no compartimental. R E S U LTA D O S: Se incluyeron en el estudio 35 pacientes, de los cuales 22 hombres; la mediana de la edad fue 37 años y 20 presentaban coinfección por el virus de la inmunodeficiencia humana (57%). La mediana de la duración del tratamiento con TRD en el momento de tomar la muestra fue 33 días (amplitud intercuartílica [AIC] de 28 a 39). El á rea bajo la curva de concentraciones plasmá ticas contra el tiempo de 0 a 10 horas (ABC 0-10 ) fue 319 lg.hr/ml (AIC de 267,5 a 378,7) y la concentración má xima fue 38,1 lg/ml (AIC de 32,6 a 47,2) . En el aná lisis de regresión múltiple, la dosis (mg/kg) fue elúnico factor asociado de manera independiente con el ABC 0-10 . C O N C L U S I Ó N: Las concentraciones de CS en equilibrio estacionario de los pacientes que reciben TRD como parte del tratamiento de la TB-MDR son má s altas que las concentraciones notificadas con las formas farmacéuticas de CS. Los resultados del estudio respaldan la pauta de administración una vez al día.
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